A detailed kinetic and quantitative analysis of the early and late biosynthetic events undergone by the human immunodeficiency virus type 1 envelope protein expressed by a recombinant vaccinia virus was performed.
The human immunodeficiency virus type 1 (HIV-1) envelope (Env) protein plays at least two roles during the initial course of infection; it binds to CD4 and mediates fusion with the plasma membrane of the host cell (33) . In addition, it is the viral protein to which neutralizing antibodies are directed. Thus, considerable effort has been directed toward characterizing the structural basis for both CD4 binding and fusion activity as well as defining the molecule's antigenic structure. One of the most commonly used techniques to study the structure and function of the Env protein has been to introduce mutations or express truncated forms of the molecule. While mutations may affect protein function directly by altering an active site, they may also exert their effects more indirectly by perturbing the way in which a protein folds, assembles, and is transported to the cell surface. As an example, a mutation that reduces the ability of the HIV-1 Env protein to induce syncytia may do so by directly altering the way in which the protein interacts with the target membrane. Alternatively, fusion activity may be affected by alterations in the efficiency and or kinetics of transport to the cell surface, gpl60 cleavage, rate of turnover, changes in lateral mobility, reduced receptor binding, and alterations in subunit-subunit interactions. Examples for many of these scenarios have already been described for the HIV and other viral fusion proteins (2, 4, 5, 12, 15, 21, 24, 25, 29) . Thus, to fully assess the effects of a given mutation on Env protein structure and function, it is necessary to have a good understanding of how, and with what efficiency and kinetics, the wild-type protein folds, assembles, and is transported to the cell surface. Toward this end, we have carried out a detailed kinetic and quantitative assessment of the early and late biosynthetic events undergone by the HIV-1 Env protein from the time it is synthesized in the * Corresponding author. endoplasmic reticulum (ER) to delivery to the plasma membrane.
The general outline of Env protein biosynthesis is known. The protein is initially synthesized as a single polypeptide precursor, gpl60 (1, 47) . The molecule is heavily core glycosylated and folds into a conformation competent for CD4 binding prior to cleavage and delivery to the cell surface (6, 23) . Cleavage of gpl60 into its noncovalently associated gpl20 and gp4l subunits is believed to occur in the Golgi apparatus (51) . Once delivered to the plasma membrane, a fraction of the gpl20 is shed from the cell surface (33, 51) . Here we have analyzed the biosynthesis of the HIV-1 env protein in detail by examining the efficiency, kinetics, and subcellular locations of several early and late folding events, including disulfide bond formation, acquisition of competence to bind CD4, binding to GRP78-BiP, cleavage into gpl20 and gp4l, carbohydrate processing, and shedding of gp120. The results add to what is known about the biosynthesis and processing of retroviral Env proteins and provide a useful model system with which to assess the effects of mutations on Env protein structure and function.
MATERIALS AND METHODS
Cells and viruses. Wild-type and mutant forms derived from a clone of the BH8 isolate (40) of the HIV-1 env gene were inserted into the vaccinia virus genome as previously described (20, 21) . The Cells were lysed in 100 mM Tris-HCl (pH 8.0)-100 mM NaCl-0.5% Nonidet P-40, incubated on ice for 10 min, and centrifuged at 4°C for 10 min; 10 mM iodoacetamide was included in the lysis buffer for experiments in which disulfide bond formation or GRP78-BiP association were determined. Immunoprecipitations were performed with antibodies to gpl60 (R160) and gpl20 (R120), both gifts from R. Willey (National Institute of Allergy and Infectious Diseases), or with human AIDS serum 3192, a gift from L. Arthur (National Cancer Institute), as previously described (21) .
Association of Env with GRP78-BiP. Immunoprecipitations with anti-GRP78-BiP were performed as previously described (31 bands with Mrs of approximately 84 and 61 were also detected. Since these bands were not present in cells infected with control viruses and decreased in intensity with time, they may represent proteolytic fragments of the Env protein generated after cell lysis. Viral membrane proteins often acquire a considerable degree of protease resistance after they assume their final conformations, which could account for the disappearance of these bands at longer chase times (27, 41) . The quantitative results from several experiments are shown in Fig. 2 . Cleavage of gpl60, as indicated by the appearance of gp120 and gp4l, was first detected at 30 min of chase. The amount cleaved increased at a nearly linear rate until 2 h of chase, after which significant additional cleavage did not occur. The t1/2 of cleavage was estimated to be 80 min.
The efficiency and kinetics with which gpl20 was shed from the cell surface are also shown in Fig. 2 . Shedding was first detected after 1 h and increased until 4 h of chase. Surprisingly, little or no additional shedding occurred over the next 20 h. Since release into the medium can occur only after delivery to the plasma membrane, the kinetics of shedding can be taken as a crude estimate of the rate of transport to the cell surface. The t1/2 of shedding was estimated to be 2 h, suggesting that there is a 30-min lag between cleavage in the Golgi apparatus and final delivery to the surface. This is a conservative estimate, since shedding may occur after Env has spent some time on the plasma membrane. Thus, the early and late biosynthetic events that we wished to examine must occur during the first 2 h after synthesis.
The Env protein was extremely stable when expressed in BSC-1 cells by a recombinant vaccinia virus ( Fig. 1 and 2) ; little turnover was detected even up to 24 h after synthesis (Fig. 2 ). This is in contrast to what has been observed in other systems (51) and suggests that the Env protein itself is inherently stable. Also, while cleavage was incomplete, it was considerably more efficient than that observed in HIV- " Cells were infected with vPE16 as described in Materials and Methods. After 4.5 h of infection, the cells were labeled with [35S]methionine for 30 min. Cells were lysed after a 15-min or 6-h chase. A 15-min chase period was used because our antibodies failed to recognize newly synthesized Env protein efficiently. The Env protein was immunoprecipitated, subjected to SDS-PAGE, and quantitated by scanning densitometry.
b Fraction of protein still present after a 6-h chase relative to the amount recovered after a 15-min chase period.
c Calculated as the fraction of Env protein after the 6-h chase present as cell-associated gpl20 and gp4l as well as shed gpl20 recovered from the medium.
d Ratio between shed and cell-associated plus shed gp120.
infected cells (51; (Table 1) . By contrast, the efficiency of cleavage was markedly cell type dependent. In BSC-1 cells, 70% cleavage was observed on average, while less than 25% cleavage was observed in the lymphocyte cell lines A201 and A301. In contrast, the fraction of gp120 shed from cells was relatively constant. Approximately 50% of the gp120 was shed, though slightly less was shed in cells expressing CD4. It is possible that binding to CD4 could prevent release of gp120, or some fraction of released gp120 could rebind to cell surface CD4. Taken together, these results suggest that while cleavage is cell type dependent, shedding is largely cell type independent. Since gpl60 is efficiently cleaved in BSC-1 cells, the latter were used for all subsequent experiments.
Early folding events. Proteins undergo a variety of co-and posttranslational modifications within the ER. Early protein folding events that can be readily monitored include disulfide bond formation and changes in antigenic structure (10, 16, 25, 36, 48, 52) . To examine the kinetics of disulfide bond formation, cells expressing the HIV-1 Env protein were labeled for 15 min, after which they were lysed or chased for various periods of time. An alkylating agent was included in the lysis buffer to prevent disulfide bond formation in vitro. After immunoprecipitation, each sample was analyzed under reducing and nonreducing conditions. After the 15-min pulse-label, the Env protein ran as a diffuse band with a slightly slower mobility than that observed under reducing conditions (Fig. 3) . By 15 min of chase, the protein ran as a very sharp band with increased mobility. An additional slight increase in mobility was observed by 30 min of chase. Similar changes in mobility were not observed under reducing conditions. Thus, disulfide bond formation was largely complete after 15 min of chase.
We found that the amount of Env protein immunoprecipitated by polyclonal antibodies to gpl60 immediately after a 15-min pulse label was generally only 50% of that immunoprecipitated after a 15-min chase ( Fig. 1 and 2 Association with GRP78-BiP. We next determined whether newly synthesized Env protein associates with GRP78-BiP. Cells expressing Env protein were labeled for 15 min, after which they were lysed in Triton X-100 at 4°C. Since the association of GRP78-BiP with newly synthesized proteins is noncovalent and rather tenuous in nature, the lysates were kept on ice and depleted of ATP by addition of hexokinase and glucose. One-half of each lysate was immunoprecipitated with a monoclonal antibody to GRP78-BiP, while the other half was immunoprecipitated with an antibody to the Env protein. Several polypeptides, including ones corresponding in size to gpl60 and GRP78-BiP, were coimmunoprecipitated with anti-GRP78-BiP immediately after synthesis (Fig. 4A) . Whereas the amount of GRP78-BiP immunoprecipitated remained relatively constant during the chase, amounts of the other polypeptides decreased. The amount of gp160 that coprecipitated increased slightly during the first 15 min of chase, after which it rapidly decreased (see also Fig. 2 (27, 41) . It has previously been shown that gpl20, expressed by itself as a truncated form of Env protein, acquires the ability to bind CD4 with a t1/2 of approximately 30 min after synthesis (23) _-4 ggpl 20 Newly synthesized Env protein did not bind CD4 efficiently (Fig. 2) . With time, however, as much Env protein could be coimmunoprecipitated with anti-CD4 as with antigpl60. The t112 of folding as measured by this assay was approximately 15 min (Fig. 2) , which is faster than what has been previously reported for gpl20 (23) . However, the secreted analogs of some other membrane proteins have been found to fold more slowly than do their membraneanchored counterparts (11, 36, 44) .
Kinetics of oligomer formation. We have previously shown that the HIV-1, HIV-2, and simian immunodeficiency virus Env proteins form dimers posttranslationally when expressed by recombinant vaccinia viruses (8, 14, 19) . Newly synthesized Env protein monomers sediment at approximately 7.2S, while dimers are recovered in the 11S region. However, after proteolytic cleavage to gpl2O/gp4l, the Env protein is not stable to ultracentrifugation and largely dissociates to monomers (19) . Dissociation can be prevented by chemical cross-linking prior to centrifugation or by the use of a noncleavable mutated form of gpl60 expressed by vPE12. Like the wild-type protein, that expressed by vPE12 binds CD4, forms dimers and higher-order structures, and is expressed on the cell surface (19, 21) . Thus, to quantitatively measure the rate and efficiency of dimerization, we used BSC-1 cells infected with vPE12.
Cells infected with vPE12 were pulse-labeled for 15 min and then immediately lysed or chased for various periods of time. Proteins were separated by sucrose velocity gradients under conditions previously determined to separate monomeric and dimeric gpl60 (19) . gpl60 sedimented at 7.2S immediately after synthesis (Fig. 5) . After 30 min of chase, however, a significant fraction of the protein sedimented at 
10.8S. By 4 h, the majority of the Env protein (95%)
assembled into dimers or larger structures. The t1/2 of dimer formation was 30 min.
In addition to forming stable dimers, some of the Env protein assembles into a higher-order oligomeric formn (19, 39, 43, 49) . By 4 h of chase, a distinct peak of Env protein, with a sedimentation coefficient of approximately 15S, was detected (Fig. 5) . Up to 20% of the Env protein could be recovered from this peak. Longer periods of chase did not increase this proportion. The kinetics with which higherorder structures formed appeared to lag considerably behind other events in the biosynthesis of Env protein, including folding, dimerization, and cleavage to gpl20/gp41. One conclusion from these data is that assembly into a higher-order form is not required for transport and expression at the cell surface. Formation of higher-order structures, for example, may occur only after virion assembly. Alternatively, the larger structures may be relatively unstable and dissociate following detergent solubilization into dimeric subunits.
Transport to the medial Golgi. The HIV-1 Env protein is heavily core glycosylated. Since carbohydrate modifications occur in specific subcellular compartments, transport can be monitored indirectly by monitoring changes in carbohydrate structure. We examined the acquisition of resistance of carbohydrate chains to digestion with endo H, an event that occurs only after modification by medial Golgi-associated enzymes. Cells were pulse-labeled for 15 min and then chased for different times. Following lysis, the Env protein was immunoprecipitated, after which one-half of the sample was digested with endo H. gp160 synthesized during the 15-min pulse was completely sensitive to digestion with endo H at early times of chase (Fig. 6A ). Significant cleavage of gpl60 to gpl20/gp41 occurred after 1 h. At this time most of the remaining gpl60 was still endo H sensitive, although gpl20 displayed partial endo H resistance (Fig. 6) exposure, probably represents a small amount of partially resistant gpl60 and not residual gp120 which forms a sharp band. These results are in agreement with those of others who have shown that gpl20 contains both high-mannose (endo H-sensitive) and terminally processed (endo H-resistant) carbohydrate chains (26, 35) . Thus, the kinetics of endo H resistance closely paralleled those of cleavage.
Early folding events occur in the ER. To determine the subcellular location of some of the biosynthetic events undergone by the Env protein, we infected cells in the presence of BFA, which rapidly and efficiently blocks protein transport from the ER to the Golgi apparatus in a reversible manner (17, 30) . At 20 h postinfection, the cell lysates were subjected to gradient centrifugation. The distribution of Env protein across the gradient was then determined by Western blotting. Env protein was recovered from two peaks in the absence of BFA (Fig. 7) . The majority of gpl60 was recovered from the 10.8S region, with the remaining gpl60 and most of the gpl20 recovered from the monomeric 7.2S region. We have previously shown that cleaved Env protein dissociates to monomers upon centrifugation (19) . By contrast, Env protein was recovered largely from the 10.8S region in the presence of BFA. Cleavage to gp120/gp41 did not occur, and so the bulk of the protein remained stable to detergent solubilization and centrifugation. In addition, Env protein synthesized in the presence of BFA acquired the ability to bind CD4 normally (data not shown). Thus, it is most likely that the early folding events up to and including dimerization occur in the ER.
DISCUSSION
The results presented here and elsewhere allow us to draw a rather detailed picture of the biosynthesis of the HIV-1 Env protein, summarized schematically in Fig. 8 . Early cotranslational events include core glycosylation and cleavage of the signal peptide. We found that at least 25% of newly synthesized Env protein binds to GRP78-BiP in a specific and transient fashion, with dissociation occurring with a t1/2 of approximately 25 min. GRP78-BiP has been shown to bind transiently to a number of viral and cellular proteins and permanently to at least some proteins which fail to fold and assemble correctly (3, 18, 25, 31, 36, 42) . The finding that a small fraction of the Env protein remains permanently bound to GRP78-BiP can be taken as presumptive evidence that some gpl60 molecules fail to fold correctly. A similar side pathway has been observed with the X:31 strain of influenza virus hemagglutinin, in which approximately 10% of the protein misfolds and is retained in the ER (10 (31, 36, 42) .
The next biosynthetic event that we were able to monitor after initial folding and GRP78-BiP dissociation was dimer formation. The majority of viral membrane proteins are oligomeric, with assembly being required for transport from the ER (27, 41 (27, 40) . In addition to dimer formation, the Env protein may assemble into higher-order structures. The Env protein isolated from virus has been reported to exist in either a tetrameric (39, 43) or trimeric (49) form. We too found evidence for higher-order structures in our system (19) , though this process appears to be relatively inefficient. Higher-order structures may not form efficiently until incorporation into virus, perhaps as a result of interactions with the Gag protein or secondary to increased concentrations of Env protein in the viral membrane. Indeed, we found that higher-order structures formed with considerably slower kinetics than are dimers (see Fig. 5 ), suggesting that tetramer or trimer formation may not be required for transport to the cell surface. Alternatively, higher-order structures may not be stable to detergent solubilization and centrifugation, the assay used here to monitor assembly. Further studies will be needed to resolve this point.
An important posttranslational modification of the Env protein is cleavage of the gpl60 precursor into gpl20 and gp4l subunits. The cleavage event is required for infectivity and is analogous to similar cleavages undergone by the Env proteins of other virus families, including the orthomyxoviruses and paramyxoviruses (32, 45, 50) . A consequence of the cleavage event is generation of the highly conserved and hydrophobic amino terminus of the membrane-spanning subunit gp4l, a region which likely plays an important role in membrane fusion (4, 24) . Given the importance of the cleavage event for viral infectivity, it was of interest to find that the efficiency of cleavage varied widely in different cell types. These results (summarized in (36, 37) .
In conclusion, the structural consequences of mutations are often reflected in how a protein is processed. Our results, which provide a detailed framework of the biosynthetic events undergone by the HIV Env glycoprotein, should prove to be a useful model system with which to study the effects of mutations on Env structure and function.
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